Introduction
Integration of CMOS (complementary metal oxide semiconductor) and MEMS (microelectromechanical systems) technologies is a promising way to deliver a solution towards the More-than-Moore type development, where it is important to have a multi-physics simulation method in order to understand both the electrical and mechanical behaviors of CMOS-MEMS devices [1] . In addition to it, CMOS-LSI and MEMS mask patterns are expected to be simultaneously generated for a short turn-around-time. We have previously reported a simulation platform by using a SPICE simulator [2] ; however, mask layout and verification were done with other tools. This paper reports a new scheme of the multi-physics simulation and automatic pattern generation environment that uses a equation-of-motion (EOM,
) solver transplanted into a Verilog-a compatible HDL (hardware description language) on an electrical circuit simulator. Figure 1 shows the screenshot image of the developed equivalent circuit simulator. The analytical model for a parallel-plate electrostatic actuator has been translated to an equivalent circuit to find a mechanical displacement value as a function of applied voltage. The first module (I) is a sub-circuit for the parallel-plate electrostatic actuator, and it has been designed to calculate the electrostatic force as a function of applied voltages. The second module (II) is the EOM co-solver module to calculate the velocity and the displacement as a function of the impinging forces from the EOM. The third module (III) is for the viscoelastic suspension module to calculate the suspension's restoring force. The fourth module (IV) is the mechanical anchor. Analytical parameters such as initial velocity and spring constant are provided as numerical arguments by using the property dialog in the simulator. Figure 2 illustrates an example of HDL equivalent circuit description for the parallel-plate electrostatic actuator module (I) to calculate the capacitance C p and the electro- -1 1 2 0 -E x t e n d e d A b s t r a c t s o f t h e 2 0 1 2 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , K y o t o , 2 0 1 2 , p p 1 1 2 0 -1 1 2 1 Fig. 3 Screenshot image of transient analysis of electrostatic silicon resonator inserted in a Colpitts oscillation circuit. 
Analytical model for a MEMS electrostatic actuator

Simulation result
The proposed MEMS equivalent circuit model was inserted into a Colpitts oscillation circuit, having replaced an inductor, as shown in Figure 3 , because the electrostatic actuator is known to behave as an electrical inductive device at its mechanical resonant frequency like a quartz oscillator. Figure 4 shows transient analysis results of the plate displacement x and the output voltage V d , and a self-oscillation at 319.2 kHz was observed in this model. These results suggest that the proposed equivalent circuit model is capable of handling a MEMS inserted in an electrical circuit. Figure 5 shows the result of an automatically-generated mask pattern layout of a silicon resonator, based upon the results in Figure 3 . For this task, script codes of several handled lines are used in each module, by using script language as shown in Figure 6 . This result indicates that proposed method can synthesize the mask layout patterns simultaneously for LSI and MEMS, and it can be adopted to verify the design rule check (DRC) or layout-versus-schematic tools. This result also suggests that the mask pattern of CMOS-LSI and MEMS can be designed simultaneously in the conventional simulation platform.
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Conclusions
We have developed a novel CMOS-MEMS design technique based on an electrical circuit simulator with a Verilog-A compatible HDL. Proposed technique can handle both electrical and mechanical simulation simultaneously on a single platform. Furthermore, this method can generate LSI and MEMS layout patterns, thereby adaptable to verification. In conclusion, this technique will pave the way for developing the integrated CMOS-MEMS devices.
